Populations of large herbivores frequently display divergent migratory strategies, a likely consequence of the trade-off between the costs and benefits of migration. Globally, physical and environmental barriers disrupt migrations, leading to increased residency, which can have detrimental consequences. In the Okavango Delta, Botswana, veterinary cordon fences erected in 1982 may have caused enforced residency in some subpopulations of Cape buffalo (Syncerus caffer caffer). We used data from GPS-enabled collars fitted to females in 1 resident and 1 migratory subpopulation of buffalo to test the hypotheses that 1) residents have access to less-productive forage than migrants, 2) residents occupy smaller home ranges and live in smaller herds than migrants, 3) reproductive productivity is lower in resident herds, and 4) residents have poorer body condition than migrants. Forage characteristics varied between resident and migrant ranges, both between and within seasons. Reproductive productivity and body condition did not differ between subpopulations, but residents occupied smaller home ranges during the rainy season and lived in smaller herds than migrants. Enforced residency could have decreased carrying capacity when the fence was erected, so resident buffalo may have adapted by forming smaller herds, allowing them to maintain their body condition. The area that residents occupied was located in a more central region of the Okavango Delta than that of migrants; therefore, this area would receive higher levels of nutrients from the annual flood, which would have increased heterogeneity in resident ranges, potentially compensating for effects of disrupted migrations. These results highlight the importance of conserving landscapes with spatially and temporally heterogeneous resources to buffer effects of anthropogenic activities such as artificial barriers on migrations.
Migration, defined as periodic movements between geographically distinct, regularly used seasonal ranges, is a common strategy across the animal kingdom to exploit seasonal changes in resource availability (Dingle and Drake 2007) , although genetic or social factors, rather than environmental conditions, may determine the location of the seasonal ranges (Naidoo et al. 2014) . In tropical ecosystems, many large herbivore species move considerable distances to reach seasonally productive foraging grounds during the rainy season, returning to areas capable of sustaining them during the dry season . Migration can be costly in terms of energy, increased predation risk, and exposure to disease (Alexander 1998) . The benefits of moving across such distances therefore must be substantial and can include reduced competition and predation pressure, and access to high-quality resources in the rainy season range .
The trade-off between costs and benefits often results in partial migration, whereby a portion of the population migrates, and the remainder resides in the same area for the whole year (Chapman et al. 2011 ). The optimal migration strategy for animals depends not only upon the resources available to them in their seasonal ranges, but also on population density (White et al. 2007; Hopcraft et al. 2014) , environmental conditions, distance to barriers, and social factors (Naidoo et al. 2012a) . Distinct subpopulations can develop, which reproduce in different locations and experience different pressures, resulting in variable recruitment and survival rates (Middleton et al. 2013) . In herbivore species, resident animals often benefit from competitive release, with associated enhanced foraging opportunities, when the migratory subpopulation, usually more numerous , has migrated to a different area (Chapman et al. 2011) . However, the herbaceous layer in a resident range is subjected to grazing pressure year-round and so does not experience a beneficial recovery period (Coughenour 1991) . Anthropogenic disturbances and variation in environmental conditions, linked to climate change, can affect the balance of costs and benefits, causing a shift in the proportions of resident and migratory animals in a population (Fryxell and Holt 2013) .
Migratory animals transport nutrients, biomass, and genes across large expanses of land (Singh and Leonardsson 2014); therefore, disrupted migrations of large mammals are one of the 1st signs that ecosystem connectivity and functionality are being lost (Hopcraft et al. 2014) . Halted migrations can have detrimental impacts on the previously migratory population, but they also affect predator and vegetation communities (Fryxell and Holt 2013) . Many factors can block migration routes, including changes in land use, loss of habitat connectivity, escalating human encroachment, and erection of fences (Witkowski 1983; Vanak et al. 2010; Fynn and Bonyongo 2011) . Such boundaries can benefit wildlife by preventing disease transmission, reducing poaching, and delimiting protected areas (Boone and Hobbs 2004; Bolger et al. 2008 ). However, they also can be detrimental to herbivores by preventing access to limiting resources and seasonal ranges (Ben-Shahar 1993) , and they can result in herbaceous degradation through overgrazing, leading to decreases in forage biomass, quality, and diversity (Boone and Hobbs 2004) . These factors, in turn, can affect body condition negatively, leading to higher mortality, disease, and lower reproductive success (Parker et al. 2009 ), particularly when animals are resource limited (Owen-Smith 2008) . These influences on survival and reproduction (Parker et al. 2009 ) link individual body condition to herd composition and the overall health of the population (Stevenson and Woods 2006) .
In some herbivore species, herd size and composition vary with resource availability. Cape buffalo (Syncerus caffer caffer) occur in fusion-fission societies, whereby group size varies over time, with herds joining and splitting in response to spatial and temporal environmental variation (Sinclair 1977) . In areas with low resource availability, buffalo occur in smaller herds that occupy smaller home ranges than in areas with high resource availability (Winnie et al. 2008) , and artificial boundaries and proximity to water also can affect home range size (Naidoo et al. 2012b) . In northern Botswana, larger herds form during the dry months and are more fragmented during the rainy season (Halley et al. 2002) , but the opposite occurs in South Africa (Ryan et al. 2006) . This difference in seasonal herd size could be caused by buffalo in Botswana congregating on shallow floodplains during the early dry season and on deeper floodplains during the late flood season, when forage in other habitats is largely senescent (Fynn et al. 2015) . The composition of Cape buffalo herds also varies seasonally, with a peak breeding period that coincides with the highest availability of productive forage . During the breeding season, adult males form part of breeding herds (Halley and Mari 2004) , but sexual segregation is common throughout the rest of the year, when adult males form temporary bachelor herds that allow them to maximize energy intake while avoiding costs of competing for reproductive opportunities (Turner et al. 2005) .
In Botswana, seasonal movements by herbivores have been restricted by veterinary cordon fences erected around wilderness areas, primarily to prevent transmission of foot and mouth disease between buffalo and livestock. In the Okavango Delta, this fence, known as the buffalo fence, encircles the western and southern sides of the delta but allows movement to the east (Fig. 1) . In the southeastern part of the delta, 2 subpopulations of Cape buffalo display divergent migratory strategies, with 1 subpopulation migrating during the rainy season, and the other remaining resident in the same area throughout the year. Both subpopulations respond to seasonal changes in resource availability by altering patterns of habitat use (Bennitt et al. 2014 ), but overlap in home ranges between buffalo in the 2 subpopulations is minimal. Migrants have access to a rainy season range to the east of their flood season range, which is separated from the resident ranges by permanently flooded areas and wide water channels that, although permeable, appear to act as natural barriers to movement. The buffalo fence appears to block access to potential rainy season ranges further south, suggesting that residency has been imposed by the fence, rather than developed as an adaptive strategy. Thus, resident buffalo may negatively affect forage in their home ranges, with consequences for buffalo herd structure, home range size, and body condition. This situation provides an opportunity for determining effects of migratory strategies on the subpopulations and on the forage to which they have access. We used these subpopulations to test the hypotheses that 1) resident buffalo have access to ranges with lower forage biomass, diversity, palatability, and quality than migrant buffalo, 2) resident buffalo occupy smaller home ranges and live in smaller herds than migrants, 3) reproductive productivity is lower in resident herds, and 4) resident buffalo exhibit poorer body condition than migrants.
Materials and Methods
Study area.-The Okavango Delta covers 15,000 km 2 in northern Botswana, between 22.0°-24.0°E and 18.5°-20.5°S (Heinl et al. 2006) . Rainfall in the delta is seasonal, with an annual mean of 490 mm between November and March (McCarthy et al. 2000) . Water from rainfall in the Okavango River catchment regions in Angola filters to the Okavango Delta several months later, leading to a seasonal flooding pulse that peaks at the Namibia-Botswana border in April and in more distal areas of the delta in July-August, then recedes again until the subsequent rainy season (McCarthy et al. 2000) . The extent of the flooded area varies seasonally, from 3,000 to 5,000 km 2 during the driest part of the year, to 6,000 to 12,000 km 2 during the annual flooding event (Andersson et al. 2006) . Floodwaters bring nutrients with them, which are taken up by plants as the water passes through floodplains, such that nutrient availability decreases from proximal to distal regions of the delta, with central regions benefitting from higher levels of nutrients brought in by the flood (Ramberg et al. 2006a) . Although overall nutrient levels in the delta are low, the flood increases soil phosphorus on islands and soil cations in the floodplains (Ramberg et al. 2006b ). Alternating dry and wet periods associated with the flood trap and release nutrients (Ramberg et al. 2010 ) that can promote growth of highly productive forage, particularly in temporarily inundated habitats (Ramberg et al. 2006a ). The resident subpopulation occupied a range closer to the central Okavango Delta, whereas the migratory subpopulation occurred in a more peripheral area (Fig. 1) .
The study area was located in the southeastern part of the delta and included both flooded and dry regions, bounded by a veterinary fence to the southeast (Fig. 1) . We used changing water levels caused by rainfall and flooding to define 3 seasons: the early flood season (April-July) when flood waters were rising, the late flood season (August-November) when flood waters were receding, and the rainy season (DecemberMarch) when most rainfall occurred. We identified 10 main habitat types, based on differences in woody and grass species composition, which corresponded to previously described habitat types (Bartlam 2010) : grassland, riparian woodland, secondary and tertiary floodplains, dense and open mopane woodlands, mixed shrubland, and dense, open, and blackthorn acacia woodlands. We produced a habitat map from georeferenced orthophotographs taken in [2001] [2002] [2003] , obtained from the Okavango Research Institute and manually digitized in ArcGIS 10.0 (ESRI, Redlands, California) using a scale of 1:10,000 (Bennitt et al. 2014) . Between 2008 and 2010, we recorded 792 ground-truthing points across the study area in the 7 habitat types that buffalo used most intensively (Bennitt 2012) , with a mean ± SD of 113.1 ± 32.5 (range = 65-173) points per habitat type. Buffalo rarely used the 3 types of acacia woodland. We checked the ground-truthing points against the habitat predicted by the map, and the true habitat type was represented 88.1% of the time; accuracy was lowest for grassland (78.6%), and highest for riparian woodland (95.7%- Bennitt et al. 2014) . These accuracy measures show that the habitat map was valid for the study period, although some changes in the boundaries between secondary and tertiary floodplain may have occurred due to annual variation in flooding (McCarthy et al. 2000) .
Capture and collaring.-We fitted 7 resident and 8 migratory Cape buffalo females in different herds with Tellus Simplex 4D GPS-enabled satellite collars (Followit, Lindenberg, Sweden), programmed to record 1 GPS fix per hour. We selected females because they were more likely to retain their collars, and they formed the core of mixed-sex breeding herds (Taolo 2003) ; thus, data from females were representative of breeding herds. Collars weighed 1.8 kg, 0.4% of the weight of the smallest female we collared (Bennitt et al. 2014 ), and we intended them to be deployed for a full year. We carried out 24 darting operations: 15 to collar animals, 2 to replace malfunctioning collars, and 7 to remove collars. We used a helicopter for 22 darting operations, and a vehicle for 2 operations. We recovered 6 collars that dropped off after the belting failed, we darted 7 animals to remove collars at the end of the study, and 2 collars could not be recovered because they failed suddenly and ceased to emit the VHF signals by which we could locate them.
We immobilized animals with either 8 mg of A3080, reversed with Naltrexone (n = 13), or a combination of 10 mg M99, 40 mg Azaperone, and 5,000 i.u. Hyalase, reversed with 42 mg M5050 (n = 11). Mean total time ± SD from darting to recovery was 15:59 ± 7:28 min:s. We employed 1 of 3 experienced wildlife veterinarians registered with the government of Botswana for each darting operation under permit from the Department of Wildlife and National Parks (EWT 3/3/8 XXXVII 44). We made every effort to minimize stress to darted buffalo and their herds. All darted animals were adult females in good condition that were not obviously pregnant or with a young calf. All buffalo recovered quickly from the darting operations, no ill effects were observed, and they were all seen rejoining their herds. All capture and handling procedures were approved by the University of Bristol Ethics Committee (UB/08/034) and conformed to the guidelines of the American Society of Mammalogists for the use of wild mammals in research (Sikes et al. 2011) .
Forage sampling.-From August 2008 to July 2010, we used GPS coordinates from collared females to identify sites used by buffalo herds in every key seasonal habitat type, defined as habitat types that contained more than 10% of points recorded by GPS collars (Bennitt et al. 2015) . During early and late flood seasons, key habitats were grassland, riparian woodland, and secondary and tertiary floodplain (Bennitt et al. 2014) . High floods during the 2nd year of data collection meant that we could not collect data from secondary floodplain during the early flood season because we could not access sites used by the buffalo. During the rainy season, key habitats were grassland, and dense and open mopane woodland (Bennitt et al. 2014) . We entered GPS coordinates into a vehicle-mounted Garmin V GPS device (Garmin, Schaffhausen, Switzerland), and randomly selected sites not rendered inaccessible by high water levels were located by vehicle. Given the incomplete accuracy of the habitat map, we occasionally reached sampling points that were not in the expected habitat type, in which case we selected another site in the subpopulation range. We sampled sites throughout the subpopulation ranges, but we did not collect data from seasonal ranges when they were not occupied, primarily because we were studying available forage in ranges selected by buffalo.
We visited forage-sampling sites within 2 weeks of use, and we sampled no more than 3 sites per day of use per herd. We collected data on forage abundance (biomass), diversity (species richness), and quality (palatability and crude protein [CP] content) within a 50-m radius of the coordinates. This radius included location error of the collars, which we calculated prior to deployment by hanging each collar in a tree for at least 100 h (Bennitt et al. 2014) . Mean GPS coordinates were taken as the reference location (Frair et al. 2010) , and we calculated distance from each point to the reference using the Point Distance tool in ArcGIS 10.0 (ESRI, Redlands, California), giving a location error of 17.2 ± 18.7 m (mean ± SD). Buffalo occur in large herds, so sampling over a site with a 50-m radius probably would include forage selected by other individuals within the herd, giving a representative measure of forage available within that site.
We recorded grass biomass using a Disc Pasture Meter (DPM- Bransby et al. 1977) , dropped 50 times at 1-m intervals along 5 randomly placed, 10-m transects. The DPM consists of an aluminum disc attached below a hollow pole, with a combined weight of 1.5 kg. The disc and pole were dropped from a height of 60 cm along a calibrated rod marked at 1-cm intervals. The resting height of the top of the pole provided a measure of forage bulk, which was converted into biomass using the following equation:
where X is the mean settling height of 50 DPM drops and Y is biomass in kg/ha (Bennitt et al. 2015) . We calibrated the DPM for herbaceous vegetation, so avoided DPM drops on woody plants and forbs. Drops onto water would have yielded inflated results, so we avoided recording biomass in flooded sites. We calculated species richness by throwing a 0.5 × 0.5 m quadrat randomly 4 times and identifying each grass species within the quadrat, thereby providing a measure of species diversity. We estimated percentage species composition to the nearest 5%.
From August 2008 to July 2009, we cut samples from all grass species at each forage-sampling site to determine speciesspecific mean proportion of leaf in different seasons. We cut up to 5 tufts in each quadrat to within 1 cm of the ground, dried them in the sun, oven dried them at 60°C for 24 h, and separated them into leaf and stem, each of which was weighed to the nearest 0.01 g. Leaf:stem ratio is an indicator of plant quality because it is linked to maturity stage and CP content (Buxton 1996) , but some samples had very small leaf or stem components, and so the proportion of leaf was used as a standardized variable. For every habitat type and season, we scored the mean percentage leaf composition of each species of grass as high (> 66.6%), intermediate (33.3-66.6%), or low (< 33.3%). We combined these species-specific scores with species composition data to produce a leaf proportion index for each site, which we used as a surrogate for forage palatability (Bennitt et al. 2015) .
From the grass samples cut during the 1st year of data collection, we subjected samples of species found in more than 10% of sites within each key seasonal habitat to CP analysis as a measure of forage quality. Therefore, forage quality data used for the analysis came from grasses sampled only during the 1st year of data collection, whereas we collected other forage characteristics over 2 years. After separating leaf and stem, we ground the leaf samples from each sampling site separately using a Cyclotec Sample Mill (Foss, Hillerød, Denmark) and analyzed them for nitrogen content using the Kjeldahl method. We digested samples using an AIM 500 Block Digesting System (A.I. Scientific, Queensland, Australia) and processed them using a Bran+Luebbe Auto Analyzer 3 (SPX, Charlotte, North Carolina). We divided nitrogen levels (mg/g) by 10 and multiplied them by 6.25 to give percent CP.
Forage data analysis.-We compared forage characteristics in the 2 subpopulation ranges between seasons and between key habitats within seasons. To quantify seasonal differences in forage characteristics between ranges, we ran models with each forage characteristic as the dependent variable, and with subpopulation range, season, and the interaction between the 2 factors as predictor variables. To quantify differences in forage characteristics between key seasonal habitats in different ranges, we ran seasonal models with each forage characteristic as the dependent variable, and with subpopulation range, habitat, and the interaction between the 2 factors as predictor variables. We ran models with all possible combinations of these predictors, and we identified the most parsimonious model based on Akaike's Information Criterion (AIC-Akaike 1974). Season and habitat were predictor factors with more than 2 levels. When these predictors remained in the models selected based on AIC, we used graphical plots to identify differing factor levels.
We carried out data analysis in R (R Development Core Team 2015), using generalized linear models with appropriate error distributions. We used a gamma distribution with a reciprocal link function for biomass because all values were positive but not normally distributed. We used a Poisson distribution with a log link function for species richness because they constituted count data. We initially used a binomial distribution for leaf proportion index because they were proportional data, but we subsequently selected a quasibinomial distribution to account for overdispersion (Crawley 2007) . AIC values cannot be calculated from models with a quasi-distribution (Burnham and Anderson 2002) ; therefore, we used the MuMIn package in R (R Development Core Team 2015) to calculate quasi-AIC (QAIC) values for these models. We used linear mixed models fitted with maximum likelihood methods (Bates 2010) for ln CP; because we expected values to vary with grass species, we included species as a random effect.
Home range size.-We used the adehabitatHR package in R (R Development Core Team 2015) to calculate seasonal home ranges using the local convex hull method (r-LoCoH- Getz et al. 2007 ). This method uses GPS coordinates recorded by the collars to calculate a series of local convex hulls using all points within a set radius r, defined as the maximum distance between nearest neighbors for each seasonal data set ). We calculated the area of the 99% LoCoH, and we ran linear mixed effects models on natural logarithms of home range sizes using the lme4 package (Bates 2010 ) in R (R Development Core Team 2015 . This method allowed us to quantify fixed effects of season, subpopulation, and the interaction between season and subpopulation on home range size, while accounting for variation between collared buffalo by including individual as a random effect. We ran models with all possible combinations of predictors and identified the most parsimonious model based on AIC values (Akaike 1974).
Herd size.
-We recorded the size of all herds encountered during fieldwork between 2008 and 2010, whether or not they included a collared individual. We conducted fieldwork for 4-day periods, separated by 10-day periods without data collection. The overlapping area between the subpopulation home ranges represented 7.2% and 1.1% of the late and early flood home ranges, respectively, and there was no overlap between subpopulation rainy season ranges. We therefore assigned each herd to the migratory or resident subpopulation based on its location. Accurate estimation of herd sizes in animals forming large clumped aggregations, such as buffalo, is difficult, so we used categorical estimates to account for observer error. We classified herd size as < 10, 10-50, 50-100, steps of 100 from 100-500, 500-750, 750-1,000, and > 1,000. On the ground, we estimated herd size from observations using binoculars (Steiner Wildlife Pro 12 × 42, Bayreuth, Germany) from a vehicle. During a 6-month pilot project, we made categorical estimates of herd size upon approach from a vehicle, based on herd extent and density, then confirmed them by counts in open habitat. This training allowed the use of categorical estimates unless herds occurred in dense habitat, as they did for the majority of the rainy season. Aerially, we located herds approximately every 6-8 weeks from an aircraft and took photographs to estimate categorical herd size. We recorded the size of herds containing collared animals, but also of herds spotted while flying. We recorded GPS coordinates and habitat types for both methods, and we used both techniques throughout the data collection period of 2007-2010. Categorical estimates allowed collation of data from other sources, including air charter companies whose pilots flew at relatively low altitudes (150 m) and were encouraged to seek wildlife for their clients. Pilots could not take photographs, but we provided them with aerial images of herds in each size category, and we asked them to estimate size of every herd they spotted. They recorded sightings for 1 week each in June and October 2008, representing the early and late flood seasons, respectively, when herds were most likely to be in floodplain habitats (Bennitt et al. 2014) . They recorded the location and time of each sighting to allow removal of duplicates from pilots flying the same route. We assessed the response of herd size to the predictor parameters of season, subpopulation, and the interaction between season and subpopulation using a log linear model with a Poisson error distribution and a log link function (Crawley 2007) .
Reproductive productivity and body condition score.-We recorded age, sex, and body condition from a minimum of 50% of animals in each herd encountered during fieldwork, based on an initial estimation of the herd size. To avoid double counting, we recorded information from every visible animal that passed a set point when the herd was moving in 1 direction. We assigned demographic categories (male or female; adult, subadult, juvenile, or calf) to animals based on genitalia, body size, and horn development (Sinclair 1977) . We scored body condition from 1 to 5 using a system adapted from Prins (1996) based on visibility of the ribs and pelvis, and the presence of fat deposits on the neck and tail base (Bennitt et al. 2014) . Although subjective, such visual assessments reflect fat content of bone marrow, and they are widely used for cattle and other ungulates (Gaidet and Gaillard 2008) , including several studies on buffalo (Prins 1996; Hay et al. 2008; Ryan et al. 2012) . The same observer recorded body condition score (BCS) throughout the study to avoid potential discrepancies between observers. We recognize that this method relies on visual assessment and therefore could include subjective error, but the costs and ethical considerations of sedating animals to collect bone marrow samples precluded use of those methods.
We used ratios of adult male:adult female and calf:adult female to identify breeding periods and to compare reproductive productivity of residents and migrants. We assessed effects of season, subpopulation, and season × subpopulation on the 2 ratios using generalized linear models with a quasibinomial error distribution to account for overdispersion. We used QAIC values to select the model with the best fit (Burnham and Anderson 2002) .
We expected body condition to vary with demographic category because of different energetic demands on individuals of different sexes and ages (Parker et al. 2009 ). Juveniles and calves had similar BCS, so these were grouped into 1 "Young" category, and gender only affected BCS in adults, so 1 category was used for "Subadult" (Bennitt et al. 2014) . We assessed effects of season, subpopulation, demographic category, and all interaction effects between these variables on body condition using cumulative link mixed models from the "ordinal" package in R (R Development Core Team 2015); individual herd was included as a random effect (Crawley 2007) . We recorded BCS in conjunction with demographic category, but mixed effects models allowed inclusion of herds with null records for some demographic categories. We used AIC values to identify the model with the best fit (Akaike 1974).
Data are available from the Dryad Digital Repository: doi: 10.5061/dryad.7bm4d (Bennitt et al. 2016) .
results
Forage characteristics: data.-We recorded measures of forage abundance, diversity, and palatability in up to 578 sampling sites (Table 1) , although restrictions on data collection meant that some variables could not be sampled in some sites. We obtained no data for palatability in some instances because of laboratory failures, and we did not record biomass in flooded sites. Access problems in the resident range meant that sample sizes were smaller (n = 165) than in the migratory range (n = 413). We recorded forage quality from 9 species of grass in key seasonal habitats (Table 2) .
Seasonal forage characteristics.-For forage abundance (n = 571 sites), the most parsimonious model included the fixed effect of season only, although the model that included the fixed effects of range and season was also competitive (Table 3) . Mean forage abundance during the rainy season was approximately 60% of mean forage abundance during the early and late flood seasons ( Fig. 2A) . For forage diversity (n = 578 sites), the most parsimonious model included the fixed effects of season and range, but the model that included the fixed effect of season only was also competitive (Table 3) . Mean forage diversity was approximately 15% higher during the rainy than the late flood season (Fig. 2B) . Forage diversity was higher in the resident range throughout the seasons, with the greatest difference during the early flood season, when mean forage diversity in the resident range was approximately 15% higher than in the migratory range (Fig. 2B) . Early flood Grassland 2,935.2 ± 999.9 1,555.8 ± 521.4 2.55 ± 1.00 3.64 ± 1.36 0.58 ± 0.17 0.58 ± 0.10 n = 49 n = 11 n = 49 n = 11 n = 49 n = 11 Riparian woodland 2,087.8 ± 1,016.6 2,697.3 ± 1,362.1 2.44 ± 1.30 2.89 ± 0.93 0.68 ± 0.22 0.42 ± 0.08 n = 43 n = 9 n = 43 n = 9 n = 43 n = 9 Tertiary floodplain 3,831.4 ± 1,463.9 3,667.6 ± 516.7 1.73 ± 0.65 1.86 ± 0.69 0.76 ± 0.20 0.59 ± 0.06 n = 11 n = 7 n = 11 n = 7 n = 11 n = 7 Late flood Grassland 2,444.4 ± 1,001.6 2,158.0 ± 992.2 3.20 ± 1.27 3.20 ± 1.14 0.66 ± 0.14 0.66 ± 0.18 n = 45 n = 23 n = 45 n = 23 n = 45 n = 23 Riparian woodland 964.6 ± 742.8 1,317.9 ± 817.1 2.02 ± 1.39 2.10 ± 1.09 0.43 ± 0.23 0.44 ± 0.28 n = 44 n = 21 n = 44 n = 21 n = 39 n = 20 Secondary floodplain 3,013.6 ± 2,341.8 4,888.3 ± 2,642.9 2.43 ± 1.32 2.77 ± 0.93 0.46 ± 0.17 0.59 ± 0.22 n = 33 n = 13 n = 33 n = 13 n = 33 n = 13 Tertiary floodplain 2,734.1 ± 1,140.8 2,693.9 ± 1,239.1 2.13 ± 0.95 1.67 ± 0.89 0.60 ± 0.08 0.61 ± 0.07 n = 66 n = 11 n = 67 n = 12 n = 67 n = 12 Rainy Grassland 2,402.7 ± 704.7 2,274.4 ± 615.0 3.26 ± 1. For forage palatability (n = 570 sites), the most parsimonious model was the global model, which included fixed effects of season, range, and season × range interaction; there were no other competitive models (Table 3) . Mean forage palatability was approximately 15% higher in the migratory range during the early flood season, but higher in the resident range during the late flood and rainy seasons, although this difference was not substantial (Fig. 2C) . Overall, mean forage palatability was 15% higher during the rainy season than during the early and late flood seasons (Fig. 2C) . For forage quality (n = 357 sites), the most parsimonious model was the global model, which included fixed effects of season, range, and season × range interaction; there were no other competitive models (Table 3) . Mean forage quality was approximately 5% higher in the migratory range during early and late flood seasons, but approximately 15% higher in the resident range during the rainy season (Fig. 2D) . Mean forage quality was approximately 10% higher in the late flood than in the early flood season, and approximately 35% higher during the rainy than the late flood season (Fig. 2D) .
Early flood season forage.-For forage abundance (n = 130 sites), the most parsimonious model was the global model, which included fixed effects of habitat and range, and habitat × range interaction; there were no other competitive models (Table 4) . Forage abundance was slightly higher in the resident range in riparian woodland, slightly higher in the migratory range in tertiary floodplain, and approximately twice as high in the migratory range in grassland (Fig. 3A) . Mean forage abundance was approximately twice as high in tertiary floodplain than in grassland and riparian woodland (Fig. 3A) . For forage diversity (n = 130 sites), the most parsimonious model included the fixed effects of habitat and range, but the model that included only the fixed effect of habitat was also competitive (Table 4) . Mean forage diversity in grassland was approximately 25% and 50% higher than in riparian woodland and tertiary floodplain, respectively (Fig. 3B) . In every habitat, forage diversity was higher in the resident than migratory range; the difference was slight in riparian woodland and tertiary floodplain, but mean forage diversity was approximately 25% higher in grassland in the resident than migratory range (Fig. 3B ).
For forage palatability (n = 130 sites), the most parsimonious model was the global model, which included fixed effects of habitat and range, and the habitat × range interaction; there were no other competitive models (Table 4 ). In the migratory range, mean forage palatability was approximately 35% and 20% higher in riparian woodland and tertiary floodplain, respectively, than in the resident range, but forage palatability in grassland did not differ in the 2 ranges (Fig. 3C) . Overall, mean forage palatability was approximately 10% higher in tertiary floodplain than in grassland and riparian woodland (Fig. 3C) . For forage quality (n = 90 sites), the most parsimonious model included only the fixed effect of range; there were no other competitive models (Table 4) . So forage quality did not differ among habitats but was approximately 15% higher in the migratory range throughout the seasons (Fig. 3D) .
Late flood season forage.-For forage abundance (n = 251 sites), the most parsimonious model included only the fixed effect of habitat, but the model that included the fixed effects of range and habitat was also competitive (Table 5 ). Mean forage abundance was approximately 30% higher in secondary floodplain than in tertiary floodplain and grassland, and approximately 4 times higher than in riparian woodland (Fig. 4A) . For forage diversity (n = 258 sites), the most parsimonious model included only the fixed effect of habitat, but the model that included the fixed effects of range and habitat was also competitive (Table 5 ). Mean forage diversity was approximately 15% higher in grassland than in secondary floodplain, and approximately 30% higher than in riparian woodland and tertiary floodplain (Fig. 4B) . For forage palatability (n = 252 sites), the most parsimonious model was the global model, which included fixed effects of habitat and range, and habitat × range interaction; there were no other competitive models (Table 5 ). Mean forage palatability was similar in the 2 ranges in grassland and tertiary floodplain, but it was approximately 20% higher in the resident than migratory range in secondary floodplain, and slightly higher in the migratory range in riparian woodland (Fig. 4C) . Mean forage palatability in grassland was approximately 7%, 15%, and 30% higher than in tertiary floodplain, secondary floodplain, and riparian woodland, respectively (Fig. 4C) . For forage quality (n = 164 sites), the most parsimonious model included only the fixed effect of range; there were no other competitive models (Table 5 ). Forage quality was slightly higher in the migratory range than in the resident range in riparian woodland and secondary floodplain, but mean forage quality in the migratory range was approximately 40% and 30% higher in grassland and tertiary floodplain, respectively (Fig. 4D) .
Rainy season forage.-For forage abundance (n = 190 sites), the most parsimonious model included only the fixed effect of habitat, but the model that included the fixed effects of range and habitat was also competitive (Table 6 ). Mean forage abundance in grassland was approximately twice as high as in dense and open mopane woodlands (Fig. 5A ). For forage diversity (n = 190 sites), the most parsimonious model included only the fixed effect of habitat, but the model that included the fixed effects of range and habitat was also competitive (Table 6) . Mean forage diversity in grassland was approximately 12% and 25% higher than in dense and open mopane woodland, respectively (Fig. 5B) .
For forage palatability (n = 188 sites), the most parsimonious model was the global model, which included fixed effects of habitat and range, and the habitat × range interaction, but the model that included the fixed effects of range and habitat was also competitive (Table 6 ). Mean forage palatability in the resident range was slightly higher in open mopane woodland, and approximately 12% higher in grassland, but mean forage palatability in dense mopane woodland was slightly higher in the resident range (Fig. 5C ). For forage quality (n = 103), the most parsimonious model was the global model, which included fixed effects of habitat and range, and the habitat × range interaction; there were no other competitive models (Table 6) . Mean forage quality in the resident range was approximately 15% and 45% higher in dense and open mopane woodlands, respectively, but forage quality in grassland did not differ in the 2 ranges (Fig. 5D) .
Home range size.-We included 26 seasonal data sets from 12 collared buffalo in the analyses. The model with the lowest AIC value included the fixed effect of subpopulation only (Akaike weight, ω i = 0.47), but the null model was competitive (ΔAIC = 0.09, ω i = 0.45), indicating that there was very little difference between the subpopulations (Fig. 6) .
Herd size.-Aerial sightings accounted for 87% of the 159 herds seen during early and late flood seasons. We removed all herds of < 10 animals from the analysis because they were likely to be bachelor groups (Prins 1989) . We observed more herds in the migratory range than in the resident range (Table 7) . For both ranges, 84% of herds were ≤ 300, and 54% of herds contained 50-200 animals. We recorded herd size for few herds during the rainy season because of low visibility in dense vegetation; thus, we did not include them in the analyses. The full interaction between size, season, and subpopulation had no significant effect (Δdeviance 8 = 3.204, P = 0.921), nor did the interaction between size and season (Δdeviance 8 = 12.002, P = 0.151), but the interaction between size and subpopulation did (Δdeviance 8 = 15.91, P = 0.044), indicating that resident herds were smaller than migratory herds. Median herd size during the late flood season was the same in both ranges, but during the early flood season, resident and migratory herds most often consisted of 50-100 and 100-200 animals, respectively (Table 7) .
Reproductive productivity and body condition.-We recorded demographic category and BCS from individuals in 91 herds. For adult male:adult female ratios, the most parsimonious model was the null model, although the models including the separate fixed effects of season and range were also competitive Table 6 .-Competitive (ΔAIC < 2) and null models explaining habitat and range-related variation in forage characteristics during the rainy season in the home ranges of resident and migratory Cape buffalo, Okavango Delta, Botswana, 2007 Botswana, -2010 . AIC = Akaike's Information Criterion; ω = AIC weights; k = number of parameters. ( Table 8 ). These results indicated that there was no difference in the proportion of adult males in breeding herds between seasons or subpopulations (Table 9 ). For calf:adult female ratios, the most parsimonious model included the fixed effect of season only, but the model with fixed effects of both range and season was also competitive (Table 8 ). Mean calf:adult female ratio was 1.5-2 times higher in the early flood season than in the rainy and late flood seasons (Table 9) .
For body condition, the only competitive model included fixed effects of season and demographic category and season × demographic category but no effect of subpopulation (AIC ω = 0.99). Adult females consistently had BCS that were approximately 10% lower than those of adult males and young, the categories with the highest BCS (Fig. 7) . Peak BCS for all categories except adult males occurred during the early flood season, when BCS was approximately 8% higher than during the late flood season, whereas adult males had the best BCS during the rainy season, when BCS was approximately 8% higher than during the late flood season (Fig. 7) . 
discussion
For Cape buffalo, key seasonal habitats in the resident range contained lower forage biomass, palatability, and quality compared to the migratory range, resident herd sizes were smaller than migratory herds, and home ranges were slightly smaller in the resident range during the rainy season, but reproductive productivity did not differ, and resident buffalo did not have lower body condition than migratory buffalo. Differences in forage characteristics between the 2 ranges could be linked not only to the divergent migratory strategies of the subpopulations, but also to the differential impact of the flooding regime in the Okavango Delta, which had a stronger effect in the centrally located resident range (Murray-Hudson et al. 2006 ). However, it can be difficult to distinguish between impacts of herbivore activity and regional productivity on forage characteristics in particular ranges, given the interactive nature of these factors (Augustine and McNaughton 2006) . We recorded forage characteristics in seasonal ranges that buffalo chose to occupy, allowing us to document forage available to them throughout the year, but this method did not allow forage sampling in seasonal home ranges when they were not in use. Year-round data from seasonal ranges could have affected our results. For example, if forage productivity in the migratory early and late flood season ranges was exceptionally low during the rainy season, that subpopulation could have been pushed to migrate to meet its nutritional and energetic requirements. However, this was unlikely, given that forage in the migratory range was consistently of higher quality during early and late flood seasons.
All forage characteristics varied seasonally, and the rainy season differed more than other seasons. Forage abundance was highest in the early flood season and lowest in the rainy season, possibly because of the key seasonal habitat types that we sampled in the latter season: 2 out of 3 were mopane-dominated woodland, which is associated with sparse understory grass cover (Poilecot and Gaidet 2011) . Lower biomass also could be linked to delayed germination shown by many annuals (Rees and Long 1992) , an adaptation to avoid premature growth in response to early rains that are frequently followed by periods of drought (Veenendaal et al. 1996) . During the early part of the rainy season, grasses were still emerging and growing (Levine et al. 2008) , whereas they reached their maximum size by the early flood season, when forage abundance peaked.
Seasonal variation in forage characteristics was linked to water availability, with grasses growing in response to rainfall, but also to receding floodwaters in floodplain habitats. Emergence of annual grasses and new growth of perennials can explain high values of forage diversity, palatability, and quality during the rainy season (Veenendaal et al. 1996; Hassler et al. 2010) . Low levels of forage diversity and palatability during the late flood season corresponded to grass senescence in most habitats, which peaked approximately 3 months after the last rains (Zhang et al. 2005) . Low forage quality in both ranges during the early flood season was explained by lower nutrient availability in floodplains when the flood advanced during the early flood season than when it receded during the late flood season (Ramberg et al. 2006a) . High water levels associated with flooding restrict growth of many grass species, but moisture and nutrients left in the ground once the flood recedes promote grass growth on floodplains at the time when forage is senescent in most other habitats (Fynn et al. 2014 ). This effect would have been more extreme in the central delta (MurrayHudson et al. 2006) , explaining the range-related discrepancy in the period of lowest palatability.
Characteristics of forage available to buffalo varied in the subpopulation ranges, but differences depended on habitat. Between seasons, forage abundance did not differ in the 2 ranges. Within seasons, biomass was slightly lower in particular habitats in the resident range, which could indicate overgrazing in the resident range. In contrast, forage abundance in secondary floodplain was higher in the resident range, probably because the range was located closer to the central part of the Okavango Delta. The stronger effect of the annual flood may have promoted greater grass growth in secondary floodplain, which was inundated for most of the year (Ramberg et al. 2006a) , and could Forage diversity did not appear to drive different migratory strategies adopted by the subpopulations, although grassland in the resident range was slightly more diverse during the early flood season. Palatability was lower in the resident range during the early flood season, a possible consequence of overgrazing (Pastor et al. 1997 ), but it was higher during the rainy season, indicating that lower forage palatability was not a feature of the range. Although forage quality was higher in the migratory range during the early and late flood seasons, it was lower during the rainy season, refuting the hypothesis that migrant buffalo had access to higher quality forage than resident conspecifics at that time.
Forage quality fell below the 7% CP threshold required by buffalo for maintenance (Sinclair 1977) in most key seasonal habitats in both ranges during the early flood season, and quality remained low in the resident range during the late flood season. Buffalo are predominantly bulk grazers (Halley and Minagawa 2005) , but when forage quality levels drop, they expand their diet to include a broader range of grasses (Knoop and Owen-Smith 2006) or some browse species (Taolo 2003) . We only measured CP for the most commonly occurring grass species in each key seasonal habitat, which buffalo may not have consumed preferentially. Therefore, palatability may have been a better measure of quality because we calculated it from leaf:stem ratios of every recorded species in a given site, weighted by relative abundance. Range-related differences in forage quality during the rainy season were associated with mopane woodland, particularly open mopane. Recent increases in water levels flooded old channel systems in the delta, releasing nutrients trapped in the peat layers when those channels dried up (Ramberg et al. 2006b ). In the resident range, many of these channels passed through mopane woodland habitats, allowing both woody and herbaceous components to benefit from nutrients filtering through the soil into their root systems, in a similar way to riparian woodland located at the edge of floodplains (Ramberg et al. 2006b ).
Home range size differed slightly between migratory and resident subpopulations during the rainy season only, suggesting that resource availability was comparable in the early and late flood ranges (Naidoo et al. 2012b ), but may have been lower in the resident range during the rainy season (Winnie et al. 2008) . Herd size estimates from the rainy season and a larger sample size from the resident subpopulation would have been beneficial. However, pilots recorded many sightings, flying routes that covered the migratory flood season ranges, and the cost of flying to record additional sightings was prohibitive. Data collected by nonscientists are increasingly being incorporated into research (Newman et al. 2011) . Training and visual guides should be provided (Oldekop et al. 2011 ), but these methods can produce important outcomes (Danielsen et al. 2005 ) with minimal expenditure (GaidetDrapier et al. 2006; Msoffe et al. 2007 ). Pilots in the Okavango Delta fly daily at low altitude for scenic flights, during which they are requested to spot animals. They therefore have substantial experience with identifying animals, and they often circle over buffalo herds, allowing time to estimate herd size accurately, aided by accompanying photographs of herds of different sizes. Pilots recorded herds of all sizes, including those containing < 10 individuals; they did not appear biased toward larger herds. Thus, we are confident that data collected by pilots were accurate and representative.
Median herd size did not differ across seasons and subpopulations. The majority of herds in both subpopulations were ≤ 300 animals, smaller than herds in the Serengeti (Sinclair 1977) , Chobe (Taolo 2003) , and Kruger National Parks (Winnie et al. 2008) . Buffalo engage in fusion-fission behavior, so the size of a herd containing a given animal would vary over time, but the average size of any herd within the subpopulation probably would be linked to resource availability (Winnie et al. 2008) . Variation in herd size between populations is most commonly explained by habitat openness and patchiness (Jarman 1974; Isvaran 2007) , and the high level of habitat heterogeneity in the Okavango Delta (Ramberg et al. 2006a ) may be associated with reduced optimal herd size. The smaller size of resident herds also may be linked to lower quality resources (Winnie et al. 2008) . We observed occasional large aggregations in the migratory subpopulation in both flood seasons, possibly in response to limiting resources, such as water, during the late flood season, and to abundant resources capable of supporting large numbers of individuals (Korte 2008 ) during the early flood season.
Buffalo are seasonal breeders, with adult males joining breeding herds to secure mating opportunities during the period when most calving occurs (Prins 1996) ; thus, the presence of males and young in breeding herds indicates reproductive productivity. We found no evidence that reproductive productivity differed between resident and migratory subpopulations. Individual males may have engaged in cyclical sexual segregation by leaving the herd periodically, but the overall proportion of adult males in the herd did not vary between subpopulations or seasons. Resident males therefore did not experience higher levels of energetic stress or lower levels of energetic gain than migratory males, which otherwise would have caused them to spend more time away from breeding herds (Prins 1996) . The lack of seasonal differences in adult male:adult female ratios may be related to predation pressure, whereby males in breeding herds probably would be less vulnerable to predation than those in smaller bachelor herds (Hay et al. 2008) .
Males were unlikely to remain in breeding herds throughout the year to seek mating opportunities because there was a definite calving season, as evidenced by seasonal differences in calf:adult female ratios. These ratios were highest during the early flood season, which corresponded to the peak in forage abundance and body condition for most demographic categories, but also lowest forage quality. The time difference between the rainy season, when forage quality was highest, and the early flood season, when forage abundance, body condition, and calf presence were highest, corresponded to the time lag identified by Ryan et al. (2012) , who found that female body condition was related to the greenness of forage available during the preceding 4 months.
Body condition depends on forage availability and distribution (Gaidet and Gaillard 2008) ; low energy intake and high output associated with travel between scarce resources can decrease condition (Murray 1991) . Body condition varied between demographic categories and seasons, but not between subpopulations. Adult females consistently showed the lowest body condition, probably because they had to support the high energetic costs of gestation and lactation. Forage in most habitats was at its least productive during the late flood season, with the exception of floodplains, which are characterized by low nutrient levels. Therefore, this season was the harshest time of year, as reflected by the reduction in body condition, which would decline following the end of the productive rainy season. The lack of difference between subpopulations indicated that buffalo in both ranges accessed sufficient forage of sufficiently high quality to maintain body condition and therefore to support similar levels of reproductive productivity.
We could not quantify effects of resident and migratory subpopulations on forage in their respective ranges because of the highly interactive nature of the relationship between herbivore foraging pressure and herbaceous productivity (Augustine and McNaughton 2006) . However, neither subpopulation occupied ranges with consistently lower forage abundance, diversity, or palatability, although particular key seasonal habitats showed range-related differences in productivity. The annual flood has a large impact on ecosystem dynamics; it increases heterogeneity by bringing in nutrients and temporarily restricting access to foraging sites (Ramberg et al. 2006a) , and these effects would be more extreme in the resident range. High inundation levels may have maintained forage productivity and allowed the sward layer of the central range to sustain year-round grazing by resident herbivores (Boone and Hobbs 2004) . However, forage quality was substantially lower in the resident range during the early and late flood seasons and showed more overall seasonal variability, indicative of high levels of disturbance (Buitenwerf et al. 2011) .
The resident subpopulation could migrate prior to the erection of the veterinary cordon fence in 1982, which may have restricted its movements. Such barriers to movement can reduce carrying capacity of an area, leading to population decreases (Ben-Shahar 1993) . However, any such effects would have occurred shortly after the fence was erected, so the current population size may be commensurate with forage available in its home ranges. The resident subpopulation did not appear to impact the sward negatively in their range , and the lack of difference in body condition and reproductive productivity of migrant and resident buffalo did not indicate nutritional stress (Parker et al. 2009 ). Our results suggest that the comparatively high levels of heterogeneity and productivity in the centrally located resident range (Ramberg et al. 2006b ) may have mitigated potentially detrimental effects of spatial restriction on the herbaceous layer and on the buffalo themselves.
Although we did not find substantial differences in forage available to the 2 subpopulations, migration may have other benefits, such as access to limiting mineral resources (McNaughton 1990) , reduced predation pressure , or reduced interspecific competition for resources (Arsenault and Owen-Smith 2002) , although the latter is usually lower during the productive rainy season (Odadi et al. 2011) . The higher quality forage available to the migratory subpopulation during the flood seasons may have resulted from the beneficial recovery period experienced by the migratory range (Coughenour 1991) , and it could confer a nutritional advantage during seasons when resources were limited (Owen-Smith 2004) . Forage left untouched by buffalo in the flood season ranges during the rainy season could offer more sustenance during ensuing flood seasons (Coughenour 1991) and therefore support a larger number of animals . Encounter rates (E. Bennitt, pers. obs.) and herd sizes suggested that the migratory subpopulation was larger than the resident subpopulation, a possible consequence of the migratory strategy but also a potential driver. Seasonal movements may prevent depletion of resource buffers by large numbers of animals, thereby allowing a larger migratory than resident subpopulation (Owen-Smith 2004) .
Large-bodied migratory herbivores need access to extensive tracts of land (Bartlam-Brooks et al. 2011 ) offering a range of habitat types with seasonally disparate profitability (Ben-Shahar and Coe 1992; Loarie et al. 2009 ). Increasingly, anthropogenic features and factors such as changing resource distribution linked to climate change impede herbivore movements (Harris et al. 2009; Holdo et al. 2011; Bischof et al. 2012; Mysterud 2013) . Such disruptions can result in high mortality levels, leading to population crashes and loss of ecosystem functionality (Bolger et al. 2008; Voeten et al. 2010) . In a highly productive environment, barriers are likely to cause a decline in carrying capacity (Ben-Shahar 1993), but high levels of heterogeneity may compensate for the loss of habitat connectivity to some extent, thereby reducing the level of loss of functionality ).
acknowledgMents

